Results of Labscale Hybrid Rocket Motor Investigation

ABSTRACT
This work was performed to establish a labscale hybrid rocket motor test and evaluation capability at NASA Marshall Space Flight Center.
The scope included activation of a Labscale Hybrid Motor, determination of baseline burning rates for PVWA fuel, and replication of pressure oscillations for HTPB fuel. The 0.820-in.-diameter port, 10-in.-long fuel grains were burned for two seconds with gaseous oxygen. PMMA fuels were tested at oxygen fluxes from 0.047 lbm/sec,in2 to 0.378 lbm/sec,inz, and the HTPB fuel was evaluated at 0.378 lbm/sec.inZ.
The experiments were instrumented with pressure transducers to determine oxygen 'W f l o w rates a n d c h a m b e r conditions.
Cartridge loaded grains were weighed before and after the experiments t o determine fuel flow rates. The results showed that the labscale h y b r i d m o t o r r e p l i c a t e d previously reported PMMA fuel regression rates.
The results also replicated low-frequency (<lo0 Hz) pressure Instrumentation, shown in Fig. 2 , supplied data on the motor pressure, temperature, and oxygen flow rate. Forward, aft, and differential (forward minus aft) pressure gages measured the pressures inside the chamber. Eight thermocouples measured the surface temperatures of the forward and aft closures.
The pressure and temperature of the L/ incoming oxygen was measured upstream of a venturi to determine the oxidizer mass flow rate.
Data were recorded on a digital system (0-50 Hz) and on an analogue system (0-6,500 Hz). The analogue data were digitized for FFT analysis.
A precision balanced was used to weigh each grain before and after each test. Video cameras monitored the motor and plume during each firing.
Motor controls allowed the starting and stopping of the motor. The oxygen flow is controlled by a valve upstream of a metering venturi. Ten seconds prior to ignition, the oxygen flow is initiated.
A current applied to a squib in the forward closure ignites the motor. Two seconds after ignition, the oxygen flow is terminated and nitrogen is flowed through the motor. Table 1 shows the test matrix for the PMMA regression rate study. Eight experiments were performed for Gox flux rates from 0.047 to 0.378 Ibm/sec,in2. The motor contained f o u r fuel segments combining to form a 10.0-in. long bore. The long aft closure was used with a 0.306 in. diameter throat in the nozzle. Again, four fuel grains were employed with a 0.306 in. diameter nozzle.
The Gox flux used for all HTPB tests was 0.378 lbm/sec.in2. Only the aft closure volume was changed for these tests.
The short mixing section provided a L* of 16 in. while the long aft mixing section has an L* of 85 in. p r e s s u r e , a n d r e a c t a n t composition C*rheo = f(@, Pc, React) ( 6 ) This allows the computation of a quality factor
This factor has been used in the past in injector design, propellant evaluation, and in the study of irregular combustion.
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The results of t h e experiments show the overall performance of the LHM. Figure 4 is a plot (from digital data) of the head end chamber pressure as a function of time. This sample result is for an HTPB fuel and a 0.378 lbm/sec.in? Gox rate. This expression assumes that all regression occurs over the bore 
F i g u r e s 8a and 8 b show w a t e r f a l l p l o t s of t h e p r e s s u r et i m e t r a c e s for t h e s h o r t a n d l o n g a f t c l o s u r e . The h o r i z o n t a l a x i s r e p r e s e n t s f r e q u e n c y ( 0 t o 5 0 0 0 H z ) , t h e v e r t i c a l a x i s r e p r e s e n t s p r e s s u r e ( p s i ) , a n d t h e d e p t h a x i s r e p r e s e n t s t i m e ( A t i s 0 . 2 0 sec.) F i g u r e 9 s h o w s t h e t h e o r e t i c a l c h a r a c t e r i s t i c v e l o c i t y f o r t h e PMMA a n d HTPB f u e l s a s a f u n c t i o n o f e q u i v a l e n c e r a t i o .
The a c t u a l v a l u e s f r o m t h e e x p e r i m e n t s a r e p l o t t e d on t h i s g r a p h a s w e l l . The s t o i c h e m e t r i c o x i d i z e r -t o -
f u e l r a t i o f o r PMMA i s 1 . 9 2 a n d 
i t h Gox f l o w r a t e u n d e r t h e c o n d i t i o n s t e s t e d .
The two d a s h e d c u r v e s r e p r e s e n t c o r r e l a t i o n s f r o m p r e v i o u s s t u d i e s .
The u p p e r c u r v e f o r m o t o r s t e s t e d a t 50 p s i a a n d t h e l o w e r c u r v e f o r t h o s e a t 3 0 0 p s i a . The r a n g e o f p r e s s u r e s e x p e r i e n c e d d u r i n g t h e L H M t e s t i n g were from 50 t o 3 1 5 p s i g a n d f a l l b e t w e e n t h e s e t w o c u r v e s .
T h e LHM d a t a a r e from 5 t o 1 0 p e r c e n t d i f f e r e n t t h a n t h e r e f e r e n c e d work.
T h e b u r n i n g r a t e d i s t r i b u t i o n p l o t s shown i n F i g . 5 show s i g n i f i c a n t v a r i a t i o n i n t h e b u r n i n g r a t e a s a f u n c t i o n of '4 g r a i n segment.
The d i s t r i b u t i o n p a t t e r n i s c o n s i s t e n t w i t h t h e f o r w a r d g r a i n s h a v i n g t h e g r e a t e s t b u r n i n g r a t e s . T h i s i s i n d i c a t i v e of one known b i a s i n t h e d a t a r e d u c t i o n t e c h n i q u e .
T h e m e t h o d f o r d e t e r m i n i n g b u r n i n g r a t e a s s u m e s t h a t t h e mass l o s t d u r i n g t h e t e s t a l l comes from t h e b o r e .
I n s p e c t i o n o f t h e g r a i n s a f t e r t h e t e s t s shows t h a t r e g r e s s i o n o c c u r s on t h e e x p o s e d f a c e s of t h e f o r w a r d and a f t g r a i n s .
Not a c c o u n t i n g f o r t h i s w i l l b i a s t h e segment b u r n i n g r a t e s a b o v e t h e a c t u a l v a l u e s a n d t h e r e f o r e w i l l b i a s t h e motor a v e r a g e above t h e t r u e v a l u e .
T h e agreement of t h e d a t a w i t h p a s t r e s u l t s i n d i c a t e s t h a t t h e LHM
s y s t e m a n d a n a l y s i s t e c h n i q u e s a r e r e a s o n a b l e .
T h e HTPB e x p e r i m e n t s show t h a t t h e a f t c l o s u r e i n f l u e n c e s t h e m a g n i t u d e o f p r e s s u r e o s c i l l a t i o n s i n t h e chamber. With t h e s h o r t m i x i n g s e c t i o n , t h e m o t o r o p e r a t e d
w i t h a mean chamber p r e s s u r e o f 4 6 0 p s i a w i t h f l u c t u a t i o n s h a v i n g peak-to-peak a m p l i t u d e s up t o 1 0 0 p s i a s shown i n F i g u r e 7 a .
The l o n g m i x i n g c h a m b e r p r o d u c e d more s t a b l e p r e s s u r e c u r v e s t h a t had peak-topeak o s c i l l a t i o n s of below 30 p s i a r o u n d t h e l o c a l mean.
The s p e c t r a l d a t a show t h a t t h e s h o r t a f t c l o s u r e e x h i b i t s l o w -f r e q u e n c y a c t i v i t y .
The power s p e c t r a b e l o w 1 0 0 H Z a r e much more a c t i v e f o r t h e s h o r t a f t c l o s u r e .
B o t h e x p e r i m e n t s e x h i b i t some o s c i l l a t i o n s a t 2500
Hz.
The s h o r t c l o s u r e t e s t h a s a l a r g e r a m p l i t u d e . 
10.
This hypotheses proposes that a flow separation from the fuel rich portion of the boundary layer forms an eddy ring in the recirculation zone of the aft fuel grain step. Fuel pyrolyzed from the aft face of the grain further contributes to the fuel-rich eddy. This fuelrich eddy then intermittently mixes with the core flow of oxygen that is passing through the center of the motor resulting in an intermittent combustion. The geometry of the short mixing section allows more continuous diffusion of the fuel and oxidizer. This is only a hypothesis at this point.
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The characteristic velocity results in Fig. 9 illustrate the relative efficiencies of the tests conducted. The theoretical value of C*, as described by Barrere [ 6 1 "depends only on the characteristics of the reaction used, particularly on its combustion temperature and its molecular weight.
It is a fundamental parameter which gives the energy available after combustion and which can be used to compare different reactions independently of c h a m b e r pressure. " The theoretical curves illustrate that the PMMA and HTPB fuels when reacted with oxygen have very similar C* behaviors. This means that for a given equivalence ratio the energy available after complete combustion is almost the same. The experimental results show that the PMMA fuels run at lower equivalence ratios than the HTPB fuels.
This means lower potential (theoretical) C* values for PMMA.
The dependance of regression rate on Gox flow controls the actual equivalence ratio.
W
Comparing the theoretical and experimental values gives a quality factor, qC., f o r the PMMA 4 6 tests of 60 to 85%, while the HTPB tests have quality factors from 8 5 % to 95%. The quality factor is lowered by incomplete combustion o r heat transfer from the combustion chamber.
Large scatter was observed in the C* values for PMMA.
This can be attributed to the propagation of t h e uncertainty in t h e measurement of the throat diameter of the different motor nozzles.
Less scattering was seen in the HTPB tests, but these tests were all run with the same nozzle.
T h e HTPB (long) configuration produced higher quality factors than the short indicating m o r e complete combustion for the long aft closure.
S e v e r a l t e s t s a r e recommended for the further investigation of the pressure oscillation phenomenon. The first recommended series is an investigation of PMMA fuel using the variable aft mixing section geometry.
These tests are to determine the effect of fuel combustion characteristics on the oscillations. The second series is shown in Fig. 11 . These tests are to determine the effect of increased mixing through the use of a phenolic baffle aft of the fuel grains. The third series is shown in Fig. 12 . This test will look specifically at the vortex shedding concept and determine the effect of complete removal of areas for eddy formation. This is accomplished by machining the aft fuel grain so that it can be butted to the carbon insert. Thus the entire aft volume will be removed.
The LHM reproduces fuel regression rates for PMMA propellants cited from previous work.
It also produces a combustion oscillation for HTPB fuel when fired with a short aft closure.
The oscillation is mostly attenuated with a longer mixing section in the aft closure.
The instability mechanism is not related to oxidizer vaporization since the oxidizer was introduced as a gas. The spectral content of the oscillation was mostly below 100 Hz suggesting a non-acoustic source. .
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